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Edited by Robert B. RussellAbstract Inverted repeats are unstable motifs in a genome, hav-
ing a causal relation to fragment rearrangements and recombina-
tion events. We have investigated long inverted repeats (LIR) of
>30 bp in length in eukaryotic genomes to assess their contribu-
tion to genome stability. An algorithm was ﬁrst designed for
searching for LIRs with <2 kb internal spacers and >85% iden-
tity (degree of homology between repeat copies of a LIR). There
are much fewer LIRs in yeast, fruitﬂy, puﬀerﬁsh and chicken
than in Caenorhabditis elegans, zebraﬁsh, frog and human. How-
ever, the high LIR frequencies do not necessarily imply high gen-
ome instability because of variant internal spacers and stem
lengths and identities. From the collection of identiﬁed LIRs,
we selected recombinogenic LIRs that had a short internal spacer
and a high copy identity and were prone to induce high instabil-
ity. We found that a relatively high proportion (5–9.8%) of the
LIRs in C. elegans, zebraﬁsh and frog were recombinogenic
LIRs. In contrast, the proportions in human and mouse LIRs
were quite low (0.4–1.1%) basically accounting for long internal
spacers. We suggest that C. elegans, zebraﬁsh and frog genomes
are unstable in terms of the LIR frequency and the proportion of
recombinogenic LIRs. For the other genomes, LIRs most likely
have a minor impact.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Inverted repeats (IRs) are repetitive DNA sequences that
can form intramolecular stems by Watson–Crick basepairing
and separated by internal spacer or loop of variable sizes
(n P 0). One of the major sources of IR is the closely-spaced
species-speciﬁc repeats such as Alu repeats in the human gen-
ome [1,2]. Mini-satellites enriched with simple repeats, gene
ampliﬁcation, and inversely duplicated genomic sequences
can also yield IRs, or be part of IRs in genomes. The ten-
dency for IRs to form secondary structures, particularly pal-
indromes and stem–loop structures, is partially responsible
for genome instability [3,4]. Studies have shown that many
genomic events including DNA recombination and inverted
duplications arise from long IRs (hereafter LIR) in mammals*Corresponding author. Fax: +852 28574672.
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doi:10.1016/j.febslet.2006.01.045[5,6]. One of the consequences that are critical in terms of
functional genomics is the formation of secondary structures
on messenger RNAs. Moreover, IRs have been shown to
mediate gene ampliﬁcation [7,8]. IR distribution in eukaryotic
genomes is an important characteristic inasmuch as IR den-
sity has been accepted as one indicator of genome instability
[6,9]. The primary aim of the present study was to investigate
the frequency and distribution of LIR in metazoan genomes
from worms to mammals.
The recently completed genomes for several model organ-
isms oﬀer an excellent opportunity for performing comparative
studies on genomic organization. Early studies have found that
IRs are over-represented in some eukaryotes but not in pro-
karyotes, providing an argument about possible functions of
IRs in eukaryotes [10,11]. Recent studies on IRs at the genome
level include full investigation of IRs in bacteria [12] and in
yeast, malaria, worm, fruitﬂy, and human [13,14]. These stud-
ies described the frequency of IRs, and their internal spacer/
loop and stem length (length of one of the repeats). However,
these individual features could not be used to assess their
capacity for stimulating instability accurately. Short internal
spacers, long stem lengths and high identity between stem cop-
ies (hereafter copy identity) are all critical for recombinogenic
capacity as documented experimentally [3,5]. Each IR has its
own unique set of the parameters, implying variant instabil-
ity-inducing capabilities of IRs in a species. Therefore, IR fre-
quency cannot solely be used to assess genome stability.
In this study, we have developed an algorithm that allowed
us to search the LIRs with stem length >30 bp and copy iden-
tity >85%. Using only long stem length excluded many IRs
consisting of tandem repeats and low-complexity repeats in
the genomes. Since inverted and direct Alu repeats with 75%
copy identity and a 12 bp internal spacer could not radically
aﬀect the recombination rate [5], copy identity >85% was used
to search LIRs. In previous reports, IRs did not have a size
constraint on the internal spacer [13,14]. Since internal space
was also crucial to the instability-inducing capability of IRs
[3,5], we limited the LIRs to a maximum internal spacer of
2 kb. The internal spacer and copy identity are diverse among
the organisms, so the LIRs diﬀer in capacity for forming pal-
indromic or stem–loop structures. Taking consideration of
internal spacer, stem length and copy identity, we selected
recombinogenic LIRs from the collection of LIRs identiﬁed.
They were deﬁned in this study as those with a strong potential
of inducing genome instability. We identiﬁed LIRs in nine
eukaryotic model genomes and found that LIR frequency
was relatively higher in C. elegans, zebraﬁsh, frog, mouse
and human than in yeast, fruitﬂy, puﬀerﬁsh and chicken. This,blished by Elsevier B.V. All rights reserved.
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bility. With respect to the low proportions of recombinogenic
LIRs in mouse and human, genomic events relating to LIR-in-
duced instability were not frequent in human and mouse. In
contrast, the overall large amount of recombinogenic LIRs
in C. elegans, zebraﬁsh and frog were strong indicators of their
genome instability.Fig. 2. Redundancy of LIRs after primary searching steps. (1)–(4)
shows four examples in which redundancy presents after primary
searching steps.2. Materials and methods
2.1. Algorithm for identifying LIRs
First, a sliding window of a 5 bp oligonucleotide was moved across
a genomic sequence. After each 1 bp forward shift of the window, an
oligonucleotide inversely complementary to the one inside the sliding
window was generated. Exact matches of this oligonucleotide were
searched from 3 0 end of the downstream 2 kb sequence to 5 0 end.
If a successful hit was found, the oligonucleotide in the sliding win-
dow was accepted as a seed for LIR searching. The seed and the in-
versely complementary seed were extended at both ends (Fig. 1). The
inward extension terminated when the two seeds met. The outward
extension had no limitation. During extension, the nucleotides
extending in opposite directions on the two seeds were checked for
pairing. If a mismatch occurred but the pairing relation in the next
two extensions still existed, this mismatch was counted and the exten-
sion continued. In rare cases, a mismatch could be an insertion in one
repeat copy of a LIR. Thus, shifting to the next extended nucleotide
at one side allowed us to ﬁnd the pairing relation again. But this step
could be performed only when the shift allowed nucleotides in the
following two extensions to stay in pairing relation. If the seed was
over 30 bp after extension, mismatch rate (count of mismatches di-
vided by stem length) and GC content of the extended seed were then
checked. Mismatch rate (N/L, where N equals to the number of mis-
matches and L is stem length) was restricted to <0.15 (i.e., copy iden-
tity >85%). The GC content of the stem copies was conﬁned to
>20%, in order to exclude the LIRs in low complexity such as
(TA)n. The next round of searching started from positioning a new
inversely complementary seed from the 3 0 end of internal spacer of
the newly-identiﬁed LIR if the internal spacer was longer than
5 bp, or from moving the sliding window to start site of the internal
spacer if too short to ﬁnd another inversely complementary seed
(Fig. 1).
Second, redundancy in the list of identiﬁed LIRs was removed. The
following four examples are the sources of redundancy (Fig. 2): (1) the
stem copies on the same side of two LIRs share the same start or end
sites; (2) one repeat copy of a LIR lies within the one at the same side
of another LIR; (3) left stem copies or right stem copies of two LIRs
overlap; and (4) one LIR is inside another.
In the order of examples above, the redundancies in the list were
removed in four cycles. The LIRs that had shorter internal spacers
were ﬁnally selected. Occasionally, in example 4, the two LIRs sepa-Fig. 1. Algorithm for LIR identiﬁcation. (1) shows a 5 bp seed and an
inversely complementary seed. The seeds are separated by a 2 kb
internal spacer. The extension process at the both ends of the seeds for
paring match is essential to the algorithm (2). The inward extension
stopped when the two seeds met. A LIR was claimed when both seeds
were longer than 30 bp and the mismatch rate was <0.15.rated by less than or equal to 5 bp were combined and counted as
one LIR. The circle for example 4 could remove redundancy derived
from long inverted species-speciﬁc repeats. In the human genome, a
single pair of inverted Alu repeats often yielded several LIRs ar-
ranged as in example 4. The one with the smallest spacer was re-
tained.2.2. Identiﬁcation of recombinogenic LIRs
The ability of a LIR in stimulating recombination is inﬂuenced by
the internal spacer and copy identity. The eﬀect was examined by
Lobachev et al. [5] using Alu elements (320 bp) in diﬀerent identities
in yeasts. Their results showed inverted Alus separated by <20 bp
and >85% identity were unstable. In this case, mismatch rate (100%-
identity) was 15% and the ratio of stem length to internal spacer was
16 (d was used to denote the ratio). As the internal spacer shortened,
the stimulating ability increased dramatically [5]. In other words, the
ability was even stronger if d was larger than 16. In another case of
using Alu identity of 94% (mismatch rate 6%), d equal to 6 resulted
in a similar recombination rate as the above case. If d > 6 was used
under such an Alu identity, experimentally recorded recombination
rates would be always higher.
On the basis of these results, we concluded that copy identity of a
LIR could be used to estimate a minimum d in which the LIR was still
able to stimulate recombination strongly. We then selected recombino-
genic LIRs by the criteria that combined the three major features of
LIRs. The recombinogenic LIRs in this study were deﬁned in a way
that distinguished them from others that were weak in stimulating
recombination. If d was larger or equal to mismatch rate, the LIR
was an recombinogenic motif. When mismatch rate was zero (i.e.,
100% identity), d was limited to >1.2.3. Dataset
We pooled whole genomes of yeast (Saccharomyces cerevisiae), nem-
atode (C. elegans), fruitﬂy (Drosophila melanogaster) (Build 3.2), and
chicken (Gallus gallus) (WASHUC1) from the NCBI (http://
www.ncbi.nlm.nih.gov/). Puﬀerﬁsh (Fugu rubripes) scaﬀolds 1–18 (v3)
and frog (Xenopus tropicalis) scaﬀolds 2–10 (v3) were obtained from
the JGI genome portal (http://genome.jgi-psf.org/). They were the lon-
gest scaﬀolds of the two organisms. In the EMBL database (http://
www.ensembl.org/), we obtained human chromosomes 21 and 22
(Build 35), 36 Mb zebraﬁsh chromosome 22 (v3) and 57 Mb mouse
chromosome 19 (Build 33). They were selected because of fewer se-
quence gaps therein. After LIRs were identiﬁed in the sequences, the
properties of each LIR such as stem length, internal spacer, and mis-
match rate were output as well. Recombinogenic LIRs were then
picked out to generate a new list. The same sliding window method
was used to assess the variance in LIR distribution in bins of 1 Mb
genomic sequence and the standard deviation of the measures then
calculated.
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Fig. 3. LIR frequency in model genomes. The error bars were standard deviations of LIR frequencies in bins of 1 Mb genomic sequences.
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3.1. LIR frequency in model genomes
We screened for LIRs in nine eukaryotic model organisms
using our algorithm. Results showed that LIR frequency was
diverse in eukaryotic model organisms (Fig. 3). Yeast, fruitﬂy,
puﬀerﬁsh and chicken had a quite low LIR frequency while a
much higher LIR frequency was observed in the genomes of C.
elegans, zebraﬁsh, frog, mouse and human. The frequencies
had been converted to the average per 1 Mb. In a single gen-
ome, LIR frequency varies in diﬀerent regions. To reﬂect the
regional diﬀerence in all the models, we measured LIR fre-
quencies in bins of 1 Mb. Standard deviation of the frequency
as error bars in Fig. 3 indicates a wide range of LIR frequency
in C. elegans, mouse and human. This regional diﬀerence was
comparatively small in zebraﬁsh and frog. The human genome
has a much higher LIR frequency than the mouse genome
(181–48), resulting from diﬀerences in their repeats (see below).
In the two ﬁsh species, zebraﬁsh was found to have signiﬁ-
cantly more LIRs than puﬀerﬁsh (v2 test; P < 0.0001).
Here, we have to mention a point for its connection with the
accuracy of our results. For the sequences from the incomplete
genomes, many repetitive sequences have been removed out in
the ﬁrst step of constructing bacterial libraries and thus were
not present in the present genomic sequences leading to possi-
bility of underestimating LIR frequency in the ﬁshes, frog and
chicken.
3.2. Stem length and internal spacer of LIR
The abundance of LIRs in a genome as measure by their fre-
quency cannot be a sole contributing factor to genome stabil-
ity. In the model genomes, the proportion of the LIRs with
similar stem lengths and internal spacers might be diﬀerent.
The potential of a LIR in forming palindromic or cruciform
structures is determined by stem length and internal spacer
to a large extent [3,5]. The LIRs with shorter internal spacers
and longer stems are more likely to form a secondary structure
that can induce deletion and recombination [3,5]. Stem lengths
of LIRs were categorized into 7 classes in this study. Cumula-
tive percentage was calculated in ﬁve species that had a high
LIR frequency (Fig. 4). The occurrence of LIRs with stems
over 1 kb was rare in most of the genomes except in C. elegans.
A large number of LIRs with a large stem length in C. elegans
was also reﬂected by the total cumulative percentage of lengthclasses of 4–7 (100–999 bp), nearly 20%. This is probably a re-
sult of extensive genomic duplications. The longest LIR of this
species was 6482 bp in this study. We speculated that the large
fragment duplications might tremendously change genomic
organization, and could be responsible for dramatic diversiﬁ-
cation of nematode genomes. A recent report shows that the
similarity between C. elegans and C. briggsae in their genomic
organization is about 50-fold lower than that between mice
and humans [15]. Surprisingly, this is not accompanied with
notable phenotypic diﬀerences between the two nematode spe-
cies. The longest stem length in these chromosomes was 717 bp
in this study. Yeast, fruitﬂy and chicken genomes, aside from
low LIR frequencies, had few LIRs with a large stem length
>40 bp.
Likewise, the length of internal spacer is also critical to the
stability of LIRs. Hence we limited the spacer to 2 kb in this
study. The component of the LIRs with diﬀerent lengths could
be much diverse among the genomes. The overall potential of
the LIRs in stimulating genome instability probably also varies
greatly. Of the ﬁve species showing a high LIR frequency, we
found that LIRs in mammals had longer internal spacers than
non-mammal species. The internal spacers massively counted
in C. elegans, zebraﬁsh and frog were less than 100 bp
(Fig. 5). We then compared the counts of short spacers of 0–
100 bp and those of long spacers of >100 bp using unmatched
t-tests. A signiﬁcant diﬀerence was found in C. elegans, zebra-
ﬁsh, frog and human (P < 0.001) but not in the mouse chromo-
some 19 (P > 0.1). Additionally, C. elegans, zebraﬁsh, and frog
tended to have more short spacers, but the human genome
tended to have long spacers in the tests. The diﬀerence was also
displayed by the peak counts of the internal spacers at around
600 bp in human, and at less than 20 bp in C. elegans, zebraﬁsh
and frog (Fig. 5). The vast insertions of Alus in human coding
regions can explain such a diﬀerence (see below).
The spikes in Fig. 5 indicate a marginal increase of the
counts of LIRs in a given internal spacer in frog, zebraﬁsh
and C. elegans. The biggest spikes correspond to internal spac-
ers of 23, 73 and 110 bp in C. elegans, zebraﬁsh and frog
respectively. Our BLAT searches in the UCSC genome brow-
ser (http://genome.ucsc.edu) showed that the motif of C. ele-
gans was part of PAL5A_CE transposon, and that of
zebraﬁsh belonged to TDR19 transposon (Repbase: http://
www.girinst.org). The frog motif, likely a novel transposon,
has not been described or named yet. The homology of other
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Fig. 4. Cumulative percentage of LIRs showing diversity of copy length among model genomes. The LIRs identiﬁed in ﬁve species were categorized
according to the length of a stem copy. Percentages of the LIRs in seven categories were cumulated to 100%.
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due to point mutations, deletions and insertions in long evolu-
tionary history. Therefore they are not likely the source of the
spikes in Fig. 5.
3.3. Recombinogenic LIR in model genomes
Our investigations on stem length and internal spacer infer
that some of the LIRs are not able to cause genome instability
due to long internal spacers or short stems. To select recombi-
nogenic LIRs, we developed criteria on the basis of the results
in a previous report that conﬁrmed the eﬀects of internal
spacer, stem length and copy identity in stimulating unstable
property of an LIR [5]. The percentages of recombinogenic
LIRs to the total are shown in Fig. 6. Interestingly, although
mouse and human have relatively higher LIR frequencies,
the percentage of recombinogenic LIRs is quite low. Taking
the amount of recombinogenic LIRs per 1 Mb sequence as ref-
erence, puﬀerﬁsh (16 · 3.7% = 0.59) has nearly the same
recombinogenic LIR density as mouse (48 · 1.1% = 0.53) and
only slightly lower density than human (181 · 0.4% = 0.72).
One of the factors that result in such low recombinogenic
LIR frequency in humans and mice is the large proportion
of long internal spacers (Fig. 5). In contrast, the frequencies
of recombinogenic LIRs per 1 Mb in C. elegans, zebraﬁsh
and frog are much higher. This may ultimately accelerate gen-
ome instability in these species. As a comparison, we found a
total of 15 recombinogenic LIRs in fruitﬂy, and 75 in chicken.
With respect to the count of recombinogenic LIRs in the two
species, their genomes are relatively stable. This may be thereason why genomic rearrangement rate in fruitﬂies is about
fourfold lower than that in nematodes [16]. To cope with pos-
sible detrimental eﬀects, C. elegans genome has developed a
strategy to minimize the impact of recombinogenic LIRs on
genic regions. The C. elegans consortium reported a clear sep-
aration of IR-rich regions and gene-rich regions, demonstrat-
ing that the IRs concentrated at the telomeres of the
chromosomes where the gene clusters were rarely found
[17,18]. The same distribution pattern of LIRs and genes was
also observed in present study. The uneven distribution of C.
elegans LIRs accounts for the high standard deviation in
LIR frequency (Fig. 3). A total of 3 recombinogenic LIRs were
found in yeast. Positions and properties of recombinogenic
LIRs identiﬁed in this study are listed in supplementary mate-
rials.
This study only concentrated on IRs with stem length
>30 bp, therefore making the LIR frequency diﬀer from those
found in the previous studies especially for the species showing
low LIR frequencies due to exclusion of those IRs with shorter
stem lengths in the collection of LIRs. Achaz et al. [13] found
that LIR frequency in yeast was higher than the result reported
in this study. Therefore, the yeast genome is probably enriched
with IRs with a stem length <30 bp. Our brief investigation
showed that frequency of IRs with stem lengths between 16
and 25 bp were about 200 (/Mb) in yeasts but less than one
percent of them were recombinogenic IRs. This is likely the
fact in fruitﬂies as well. Given a possible capability of these
short inverted repeats in introducing genome instability by
means of alternative mechanism, it is interesting to study these
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Fig. 5. Occurrence of LIRs with diﬀerent internal spacers. The counts of the LIR occurrences were from the analyses on the following data: C.
elegans chr. I-X (101 Mb), zebraﬁsh chr. 22 (36 Mb), frog scaﬀold 2–10 (52 Mb), mouse chr. 19 (57 Mb), human chr. 21–22 (69 Mb). The counts of
the LIRs in the ﬁve species were not converted into frequency in a uniform unit length. The counts for 0 bp internal spacer were denoted by dots in
the ﬁgure.
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then. In addition, enlargement of the maximum internal spacer
to 10 kb did not allow us to ﬁnd more recombinogenic LIRs in
fruitﬂies.
3.4. Repeat elements and LIRs
We also calculated in what a proportion species-speciﬁc re-
peats were used to construct the LIRs. Using RepeatMasker
(http://repeatmasker.org), we located the species-speciﬁc re-
peats in C. elegans, mouse and human chromosomes. Cases
of their overlapping to both ends of the LIRs were counted,
and then the percentage to all the LIRs was measured inchromosomes. In average, about 97% of the LIRs were homol-
ogous to known repeat elements in the two human chromo-
somes (Table 1). Only about 3% of the LIRs remain to be
derived from other sources. In C. elegans, aside from the LIRs
constructed by repeats (63% in average), 37% of the LIRs are
probably from duplicated fragments, particularly duplicated
genes with a high degree of sequence homogeneity [19,20].
Likewise, about 95% of the LIRs in mouse were found in re-
peats. This infers that the main diﬀerence in LIR frequency be-
tween human and mouse (Fig. 3) is stemmed from the repeats
in their genomes. First, repeat coverage in the two genomes
was similar in estimation, whereas the substitution rate of
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Fig. 6. Percentage of recombinogenic LIRs. The LIR frequencies of these model genomes were shown in Fig. 3. The recombinogenic LIRs were
selected from the collection of the LIRs in a species. The percentage of recombinogenic LIRs in the collection is shown in this ﬁgure.
Table 1
Percentage of LIRs constructed by species-speciﬁc repeats
Chromosome Percent
C. elegans chr. I 67
C. elegans chr. II 63
C. elegans chr. III 67
C. elegans chr. IV 55
C. elegans chr. V 63
C. elegans chr. X 66
Mouse chr. 19 95
Human chr. 21 96
Human chr. 22 98
The species-speciﬁc repeats were located by RepeatMasker. If both
repeats of a LIR were within or overlapped with the species-speciﬁc
repeats, the LIR was considered to be constructed by the repeats.
Table 2
LIR in chicken and human chromosomes
Chromosome Size (Mb) LIR LIR freq.
(/Mb)
Recombino
genic LIR
Chicken chr. 1–8 700 3703 5.3 57
Chicken chr. 9–32 198 572 2.9 18
Human chr. 21 34 3479 103 35
Human chr. 22 35 8927 254 15
Chicken chromosomes 1–8 are macrochromosomes; and the remaining
chromosomes are microchromosomes. A LIR was a recombinogenic
LIR, if d was larger or equal to mismatch rate between stem copies (d
denotes the ratio of stem length to internal spacer). When mismatch
rate was zero, d was limited to >1.
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tions on mouse repeats have obscured them dramatically from
the ancestral sequences. Under our setting of 85% copy iden-
tity, most of them could not serve as ‘decks’ for the landing
of LIRs. Second, a majority of the human LIRs were con-
structed by Alu repeats. This is reasonable because Alus are
predominant repeats occupying 10.7% of the human genome
[22]. The counterpart repeats (SINEs) in mouse have four sub-
families [21]. Apart from the low similarity, the interspersed
arrangement of the subfamilies will reduce the opportunity
of LIR formation. Nonetheless, a part of the diﬀerences can
be accounted for the high homology of the newly-generated
Alu families like AluYa5 and AluYb8 in humans [23].
Although we did not perform the analysis in the two ﬁsh spe-
cies, it was rational to predict that most of the LIRs in ﬁshes
were also formed by repeats. The low LIR frequency in puﬀer-
ﬁsh, in turn, indicates reduction of repeat component in com-
parison to zebraﬁsh genome, providing new evidence for the
compactness of the puﬀerﬁsh genome [24]. Previous studies
have conﬁrmed the suppressed spreading of transposable ele-
ments in fruitﬂy and chicken [25,26]. This correlates to the
low LIR frequency in the two species. Analyses on the ﬁrst
draft chicken genome have revealed the paucity of repeats,
pseudogenes and segmental duplications in this model genome
[26].Repetitive elements account for only 7% of C. elegans gen-
ome, but contribute to 63% of the LIRs [27]. It appears not
in proportion considering that the 46% repeat coverage of
the human genome is responsible for 97% of the LIRs. The
explanation is that few human repeats form IRs, at most 3%
of all [22]. For instance, inverted Alus occur signiﬁcantly less
frequently than directed Alus, especially in cases of being sep-
arated with short spacers [2]. The C. elegans genome seems to
lack such compositional bias on inverted and direct repeats
[27].
3.5. Comparison of LIR frequency between chromosomes
The chromosome 4 in size of 1.23 Mb is the smallest fruitﬂy
chromosome. A total of 74 LIRs found in this small chromo-
some stands in stark contrast to overall average of 5 LIRs/Mb,
conﬁrming the observation by Achaz et al. [13]. Possibly fruit-
ﬂy chromosome 4 has undergone genomic expansion with the
involvement of LIRs. Chicken macrochromosomes (chr. 1–8)
have higher LIR density than the microchromosomes (chr.
9–32) (Table 2). On the other hand, microchromosomes diﬀer
from macrochromosomes in gene density [28]. Because lower
gene density in the macrochromosomes means larger genomic
space to hold LIRs, the diﬀerence in LIR frequency is proba-
bly stemmed from diversity of gene density in the chicken
genome.
Although similar in size, chromosome 22 has 2.5 times more
LIRs than chromosome 21 (Table 2), implying uneven LIR
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ence seems also to be associated with gene densities. Inverse
to the rule in chickens, the gene-rich chromosome 22 has more
LIRs (Table 2). This is a consequence of the signiﬁcant associ-
ation between genic regions and Alu repeats [22]. Inverted Alu
repeats are the major source of the LIRs in humans, rational-
izing the positive correlation between gene density and LIR
frequency. Fig. 7 exhibits the overlapping proﬁle between
exons and LIRs. Exon-rich regions and LIR-rich regions co-
occur in most regions of the chromosome. The result of a cor-
relation test was signiﬁcant (r = 0.37; P < 0.0001). Therefore,
the above diﬀerence in LIR frequency between the two human
chromosomes is ascribed to diﬀerences in gene densities. There
are twofold more genes in the chromosome 22 than the chro-
mosome 21. However, almost all of these inverted Alu repeats
are separated in a long distance >300 bp by coding regions and
introns (Fig. 5). Therefore, the gene-rich chromosome 22 has
more LIRs but less recombinogenic LIRs in comparison to
chromosome 21 (Table 2). Most of the recombinogenic LIRs
found in the chromosome 21 located in a gene-poor region
(22.5–25.5 Mb) (Fig. 7). This ﬁnding suggests a robust inﬂu-
ence of these recombinogenic LIRs on gene functions and gen-
ome structure in humans. A more investigation is worthwhile
on these recombinogenic LIRs in the human genome regarding
their distribution, characteristic motifs and preservation
mechanism.
Because of the strong correlation between gene density and
LIR frequency found in humans, the high standard deviation
in Fig. 3 is actually a result of the mosaic-like distribution of
gene-rich and gene-poor regions [29]. This serves as a contrast
to the segregation of gene-rich regions and LIR-rich regions in
C. elegans [18]. Nevertheless, the common point is that recom-
binogenic LIRs are precluded from gene-rich regions.
3.6. Diﬀerent algorithms in previous studies
There are at least three previous studies on IRs or LIRs in
eukaryotic species [11,13,14]. Due to diﬀerences in algorithm
and purpose, the results in these surveys were not completely
comparable to what we reported in this study. Schroth and
Ho [11] used 3–6 bp as spacer, and set copy identity to nearly
100%. They searched IRs that had stem length >8 bp. Because
of using individual human nucleotide sequences, IRs frequency
declined to 5 IRs/Mb when stem length was >12 bp. The sig-
niﬁcance of this algorithm is that the IRs identiﬁed have a
strong potential in forming cruciforms. In comparison, theimprovement of our algorithm is the introduction of a ratio
of internal spacer to stem length. The ratio is dynamic, adjust-
able with respect to copy identity, enabling us to ﬁnd LIRs that
have variant characters and also strong potential of construct-
ing cruciforms. The other two studies concentrated on intra-
chromosomal duplication. Both of the studies did not specify
the sizes of the internal spacer. Seeds for stem copies in IR
searching process were labeled ﬁrst at whole chromosome level
instead of within 2 kb as in this study, resulting in presence of
huge internal spacers as large as several hundred kilo base
pairs. Warburton et al. [14] found a list of recombinogenic
LIRs (according our criteria) in the human genome, in partic-
ular on sex chromosomes, although to ﬁnd recombinogenic
LIRs was their aim. Almost all had long stems, large spacers
and high copy identity, beyond the searching scope of our
algorithm. Achaz et al. [13] calculated the frequency in human
chromosomes 21 and 22, claiming around 15 LIRs/Mb. Using
a smaller seed in our algorithm was believed to account for the
diﬀerence in IR frequency in survey. Seeds in sizes of 21 and
28 bp were used for analyses in yeast and human respectively
by Achaz et al. [13]. This may reduce the number of seed pairs
for the consequent extension steps and, on the other hand, in-
crease copy identity for the long seeds in perfect match, ratio-
nalizing the lower LIR frequencies in their study. Nevertheless,
absence of the speciﬁcation of spacer size might resulted in the
increase of IR frequency.4. Conclusions
This work provides the latest principle investigation of LIRs
in eukaryotic genomes, and the results obtained from chicken,
frog and ﬁshes are being reported for the ﬁrst time. Although
whole genome analyses were not undertaken in several organ-
isms, our present results further the understanding of the fre-
quency and structure of LIR and their contributions in
genomic expansion and genome stability in a variety of other
eukaryotes. We found that, in eukaryotic organisms, not only
LIR frequency was remarkably diﬀerent, but also the internal
structure was strongly diverse in terms of variant stem lengths
and internal spacers. Our survey revealed high LIR frequency
in C. elegans, zebraﬁsh, frog, mouse and human. Further anal-
yses discovered that the component of the LIRs was diﬀerent.
Aside from a considerably high proportion of the LIRs con-
structed by species-speciﬁc repeats in all these species, the role
1284 Y. Wang, F.C.C. Leung / FEBS Letters 580 (2006) 1277–1284of genomic duplications had been suggested to diminish from
C. elegans to human. The high ratio of recombinogenic LIRs
in C. elegans, zebraﬁsh and frog indicates that their genomes
are extremely dynamic and unstable. As a comparison, mouse
and human genomes have fewer recombinogenic LIRs. The
high LIR frequency in the two genomes is therefore not an
accurate indicator to genome instability. The other genomes
including yeast, fruitﬂy, puﬀerﬁsh and chicken were character-
ized with relatively low LIR frequencies. A species is princi-
pally able to adapt to environment better if its genome is in
a balance of stability and ﬂexibility. Studying LIRs in a gen-
ome will cast light on evaluating the plasticity of the genome.
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